We investigated relationships between retinal structure using optical coherence tomography (OCT) and retinal function using peripheral resolution acuity and multifocal electroretinograms (mfERG) in 56 subjects with a range of refractive errors (+0.50 to À15.00 D). Retinal thinning occurred in moderate and high myopia which appeared to be primarily due to reduced thickness of the middle to inner retina (MIR) (outer plexiform layer to the nerve fiber layer). MIR thickness was correlated with reduced spatial resolution and delayed mfERG timing in the peripheral retina. The findings suggest the structure and function of the post-receptor retina is susceptible to disruption in moderately and highly myopic eyes.
Introduction
It is known that the functional performance of myopic eyes is reduced compared to emmetropic eyes. Visual acuity (Strang, Winn, & Bradley, 1998) , grating resolution acuity (Atchison, Schmid, & Pritchard, 2006; Chui, Yap, Chan, & Thibos, 2005; Coletta & Watson, 2006) , contrast sensitivity (Fiorentini & Maffei, 1976; Liou & Chiu, 2001) , spatial summation (Atchison et al., 2006; Jaworski, Gentle, Zele, Vingrys, & McBrien, 2006) and the electroretinogram (Chan & Mohidin, 2003; Chen, Brown, & Schmid, 2006a , 2006d Flitcroft, Adams, Robson, & Holder, 2005; Kawabata & Adachi-Usami, 1997; Luu, Lau, Koh, & Tan, 2005; Luu, Lau, & Lee, 2006; Perlman, Meyer, Haim, & Zonis, 1984; Westall et al., 2001; Yamamoto, Nitta, & Kamiyama, 1997) can all be adversely affected in myopia. In many cases, functional deficits in myopia can be primarily associated with an inner retinal involvement through changes to retinal neurons and altered retinal biochemistry (Chen, Brown, & Schmid, 2006b; Chen, Brown, & Schmid, 2006c; Fujikado, Hosohata, & Omoto, 1996; Iuvone, Tigges, Stone, Lambert, & Laties, 1991; Li, Schaeffel, Kohler, & Zrenner, 1992; Stone, Lin, Laties, & Iuvone, 1989) . Studies have shown that altered neural processing could result, in part, from retinal stretching in the enlarged myopic eye, which may produce both increased retinal cell spacing and post-receptoral retinal dysfunction and lead to a decrease in retinal sampling (Atchison et al., 2006; Chui et al., 2005; Coletta & Watson, 2006) . Indeed, in addition to the functional changes reported, various ocular structures can be altered in myopic eyes when compared to emmetropic eyes. Clinical studies show the increased risk of chorioretinal abnormalities in highly myopic eyes (>6D) (Saw, Gazzard, Shih-Yen, & Chua, 2005) and structural changes to the sclera, choroid and retina are all reported in myopia (Crewther, 2000; McBrien & Gentle, 2003; Rada, Shelton, & Norton, 2006; Rymer & Wildsoet, 2005) . Furthermore studies of lens-induced and formdeprived myopic animal retinae, have found direct relationships between retinal thickness (including thinning of the choroid and sclera, and elongation of photoreceptor outer segments) and myopia (Beresford, Crewther, Kiely, & Crewther, 2001; Hung, Wallman, & Smith, 2000; Liang, Crewther, Crewther, & Barila, 1995) . In human eyes, in vivo imaging studies of retinal thickness using third generation OCT demonstrate significant correlation between axial length and macular thickness (Lam et al., 2007; Wu et al., 2007) . Thinning of the peripheral retina and thickening of the fovea occurs in myopia and is attributed to mechanical stretching of the retina/sclera due to the eye elongation.
Although myopic changes to the inner retina and post-receptor pathways are implicated in many studies, there has been little information linking retinal structure to function or the impact of myopic retinal stretching on the microstructure of the different retinal layers in human eyes. The present study aims to investigate in vivo the retinal laminar structure in myopia and compare this to measured changes in retinal function. A strategic element of the present study is to generate comparative retinal structure-function data at specific retinal locations within the same eyes.
Methods

Participants
Fifty-six subjects (40 female (f), 16 male (m)) aged between 19 and 45 years old (median 23 years) and with right eye spherical equivalent (SE) refractive errors of +0.50 to À15.00 Diopters (D) (median À3.00 D) participated. Subjects were classified as having, emmetropia between +0.50 D and À0.50 D, mild myopia between À0.75 D and À2.75 D, moderate myopia between À3.00 D and À5.75 D and high myopia over À6.00 D. None of the subjects had more than 1.50 D of astigmatism (median 0.50 D). Each refractive group contained 14 subjects and the groups were matched for age and sex (Table 1) . Subjects showing signs of myopic retinal degeneration were excluded from the study as were subjects with any history of eye disease or visual complaint other than refractive error. The study adhered to the requirements of the Office for Research Ethics Committees Northern Ireland (ORE-CNI) and to the tenets of the Declaration of Helsinki. Subjects gave informed consent prior to participation.
The right eye of each subject was used in this study and the pupil was maximally dilated using 1% tropicamide. The spherical, cylindrical and mean SE refractive errors were measured using an open-view autorefractor (WR-5100K, Grand Seiko, Hiroshima, Japan). Three readings were taken to obtain an average. The axial length and corneal curvature were measured using the IOLMaster (Carl Zeiss Meditec, Dublin, CA, USA), for which accuracy and repeatability have been established (Lam, Chan, & Pang, 2001; Sheng, Bottjer, & Bullimore, 2004) . Three measurements were taken and the average derived.
Refractive correction was applied using large diameter (50 mm) corrective lenses placed at the estimated anterior focal plane (AFP) of the eye (vertex distance of 16 mm). The purpose of this was to implement Knapp's Law and maintain equal relative spectacle magnification (RSM) between subjects with different refractive errors (Bennett & Rabbetts, 1989; Chui et al., 2005) . The correcting lens power included the determined refractive correction combined with an appropriate near addition for the stimulus distance to remove any accommodative requirement.
Peripheral resolution acuity
Resolution acuity thresholds were measured using an orientation-identification task at locations of 14°eccentricity in the superior temporal and inferior nasal visual field along the 45°meridian (chosen to avoid the region of the optic disc). Sinusoidal grating stimuli (VSG2/3, Cambridge Research Systems, Rochester, UK) consisting of 2°radius circular Gabor patches with gratings orientated at either 0°or 90°rotation were presented against a mean luminance background. The subject's left eye was occluded and right eye corrected for the test distance. Subjects fixated a central target and used their peripheral vision to perceive the stimulus. Fixation was monitored by an observer. Peripheral refractive errors were not corrected since it is known that they are little different from the fovea at this eccentricity and that peripheral grating acuity is robust to significant levels of blur (Anderson, 1996b; Wang, Thibos, & Bradley, 1997) . Resolution threshold was measured using a two-alternative forced choice paradigm (2AFC). Stimuli were presented for one second (s) (which included 0.3 s attack and decay times) and three seconds were given to respond. A linear staircase method with 1.6 dB step size was used. The spatial frequency of the grating was increased by one step if three consecutive responses were correct and decreased by one step after one incorrect response. The subject used a response box to indicate whether they perceived the grating stimulus to be orientated in a horizontal or vertical direction. The cut-off spatial frequency was determined from the average of six reversals for each stimulus location.
Multifocal electroretinogram (mfERG)
mfERG stimulation (VERIS 4.1, Electro-Diagnostic Imaging, Inc., San Mateo, CA, USA) was performed using a standard protocol (Marmor et al., 2003) ) and implicit timing of the major peak P1, and trough N2, of the waveforms were measured (Fig. 1) . Individual responses from the superior temporal to inferior nasal retina were measured along with responses grouped into concentric rings as a function of retinal eccentricity.
Retinal thickness
Overlapping OCT (Stratus OCT 3.0, Carl Zeiss Meditec, Dublin, CA, USA) images of the retina were acquired from the right eye of each subject along the 45°merid-ian and covered the central 32°of the retina. Five millimeter OCT line scan protocols consisting of 512 A-scans/image were used. Accurate central fixation was confirmed in each patient by observing the location of the foveal depression in each scan. Three measurements of retinal thickness were determined; total retinal (TR) thickness was defined as the distance between the inner boundary of the highly reflective border (HRB) representing the retinal pigment epithelium (RPE) (which included distinguishing the hyper-reflective junction of photoreceptor inner/outer segments from the RPE (Huang et al., 1998; Pons & Garcia-Valenzuela, 2005) ) and the outer boundary of the HRB representing retinal nerve fiber layer (RNFL). The retina was then divided into photoreceptor retinal (PR) thickness, defined as the distance from the inner boundary of the RPE to the outer boundary of the low reflective band representing the outer plexiform layer (OPL) and mid-inner retinal (MIR) thickness defined as the distance between the outer boundary of the OPL and the boundary of the RNFL (Shahidi, Wang, & Zelkha, 2005) (Fig. 1) . Concerns expressed regarding the accuracy of some automated analysis techniques (Costa et al., 2004; Sadda et al., 2006) , prompted the use of manually placed electronic calipers for retinal thickness measurements. For each scan, retinal thicknesses (at 0.5°i ntervals) were measured on two occasions and an average value calculated. All the measurements were performed by a single operator who was blinded to the subject type. Repeatability of the manual thickness measurements was determined. Average retinal thickness values were calculated for retinal regions which corresponded with the size and location of the mfERG stimulus elements.
Statistical analysis
Analyses concentrated on the two peripheral retinal regions; between 12°and 16°in the inferior nasal retina and superior temporal retina where results from all tests could be combined, as well as the foveal region where mfERG and OCT results could be combined (Fig. 1) .
For each retinal location, the continuous data from all subjects was analyzed using correlation analysis and multiple linear regression analysis. This included exploring the relationships between refractive error as a continuous dependent variable with spatially corresponding independent variables (average retinal thickness values, resolution acuities and mfERG response amplitudes and timings). Hierarchical regression analyses were also performed to control for eye length to investigate the contribution of axial length to the statistical significance.
Differences in test results between the refractive error groups were evaluated, depending on retinal location, using multivariate analysis of variance (MANOVA) and Tukey post hoc multiple comparisons. Between groups MANOVA's were performed using TR thickness, resolution acuity, mfERG amplitude and mfERG timing as dependent variables with refractive error type as the independent variable for each peripheral retinal location. The MANOVA's were repeated after replacing TR thickness with MIR and PR thickness. The level of significance was 0.05 (Bonferroni adjusted for multiple comparisons). 
Results
Multiple regression analysis showed that a linear combination of resolution acuity, mfERG latency, mfERG amplitude and MIR thickness was significantly related to refractive error, adjusted R 2 = 0.73, F(4, 51) = 38.7, p < 0.001. When axial length is included as an explanatory variable we find that retinal thickness no longer adds to the equation and the combination of axial length, resolution acuity, mfERG latency and amplitude was significantly related to refractive error, adjusted R 2 = 0.88, F(4, 51) = 98.1, p < 0.001.
Controlling for the effect of axial length on the variables using hierarchical multiple regression analysis demonstrates that axial length significantly predicts most of the variance in refractive error, adjusted R 2 change = 0.84, F(1, 54) = 292.3, p < 0.001, but that the variables including resolution acuity, mfERG latency and mfERG amplitude are still able to predict a significant, albeit small (4%), amount of variance in refractive error, adjusted R 2 change = 0.04, F(3, 52) = 6.05, p = 0.001. MANOVA's revealed a statistically significant difference between refractive error groups on the combined dependent variables, F(15, 133) = 8.38, p < 0.001. The between-subject effects were significant except for PR thickness. Results from post hoc testing for the significant dependent variables (using a Bonferroni adjusted alpha of 0.01) are given in the following sections.
Retinal thickness
The coefficients of variance for the manual OCT thickness measurements were between 1% and 6%, comparable to OCT thickness measurement using automated analysis techniques (Chauhan & Marshall, 1999 Regression analysis (all subjects) revealed significant positive linear correlations between peripheral TR thickness and SE refractive error (r(54) = 0.68-0.71, p < 0.001) and peripheral MIR thickness and SE refractive error (r(54) = 0.59-0.63, p < 0.001) (Fig. 2a) . Peripheral PR thickness was not correlated with refractive error (p = 0.051). A weak but significant negative correlation was found between foveal thickness and SE refractive error (r(54) = 0.29, p = 0.030).
Grouped data revealed peripheral TR thickness to be significantly reduced in moderate and high myopia compared to emmetropia (F(3, 52) = 14.8, p < 0.001). This was primarily due to loss of MIR thickness which was significantly reduced (by around 20 lm) in moderate and high myopia compared to emmetropia (F(3, 52) = 20.23, p < 0.001) (Fig. 3b) whereas peripheral PR thickness did not differ between myopic and emmetropic groups (F(3, 52) = 0.79, p = 0.507) (Fig. 3a) . It was, however, noted that the fovea was slightly thicker in high myopia (188 lm) compared to emmetropia (176 lm) and also that a small region of 2-3°adjacent to the fovea in the temporal retina was thinner than in emmetropes (Fig. 3a) .
Retinal function
Regression analysis demonstrated that peripheral grating resolution acuity declines linearly with increasing myopic refractive error resulting in significant correlations (r(54) = 0.62-0.67, p < 0.001) (Fig. 2b) . Significant correlations were found between SE refractive error and mfERG timing (r(54) = À0.70-0.71, p < 0.001) (Fig. 2c) as well as a weaker but still significant correlation between SE refractive error and mfERG amplitude (r(54) = 0.48, p < 0.005). As separate measures of retinal function it was found that the timing of the mfERG P1 wave was significantly correlated with resolution acuity (r(52) < 0.39-0.54, p < 0.005). Grouped data revealed peripheral resolution acuity was significantly reduced in moderate and high myopes (4.3 and 3.5 cyc/deg) compared to emmetropes (5.3 cyc/deg) (F(3, 52) = 18.38, p < 0.001) ( Table 2 ). Only in highly myopic eyes were foveal and peripheral mfERG responses significantly reduced in amplitude (p < 0.05) and delayed in timing (p < 0.05) ( Table 2 ).
Structure-function relationships
Since changes in TR thickness are primarily due to changes in MIR thickness we concentrated on these measurements in the further analysis. In peripheral retinal regions, resolution acuity was significantly correlated with MIR thickness (r(54) = 0.46-0.58, p < 0.004) and reveals good demarcation between highly myopic and emmetropic eyes (Fig. 4) . Resolution acuity was not correlated with PR thickness (r(54) < 0.3, p = 0.08).
The relationships between mfERGs and retinal thicknesses were weaker. In the peripheral retina only mfERG response latencies were correlated with MIR thickness (r(52) = 0.34-0.37, p < 0.024). mfERG amplitude was not significantly correlated with MIR thickness (r(52) = 0.2-0.27, p = 0.14). Neither were mfERG responses (amplitude or timing) correlated with PR thicknesses (r(52) < 0.24, p = 0.07), in particular, no correlation was found between the central mfERG response and foveal thickness.
Significant negative correlations were found between axial length and SE refractive error (r(52) = 0.91, p < 0.001), whereas 
Discussion
The present study demonstrates significant retinal defects in moderately and highly myopic eyes, using both structural and functional measures. Reduced MIR thickness in moderate and high myopia is directly associated with myopia-related losses in neural activity derived from resolution acuity and mfERG timing in the peripheral retina. These results suggest the post-receptoral retina is vulnerable to disruption in moderate and high myopia. Eye length is shown to be a major contributing factor in causing these changes.
Peripheral resolution acuity is known to be sampling limited and reflect ganglion cell density (Anderson, 1996a; Anderson & Hess, 1990; Anderson, Wilkinson, & Thibos, 1992; Anderson, Zlatkova, & Demirel, 2002; Thibos, Cheney, & Walsh, 1987a , 1987b Williams, 1985) . The current study found a decrease in resolution acuity in the peripheral retina with increasing myopia reflecting a reduced sampling density. Although this in itself is not a new finding with several previous studies reporting loss of spatial resolution in myopic eyes due to retinal stretching (Atchison et al., 2006; Chui et al., 2005; Coletta & Watson, 2006) , our results demonstrate that this functional loss, in effect a fall in active neuron density, can be related to changes in retinal structure, specifically in the mid-inner retina, which manifest as measurable tissue thinning on OCT. Animal studies of retinal expansion show increased retinal amacrine (Teakle, Wildsoet, & Vaney, 1993 ) and pigment epithelium cell area (Fleming, Harman, & Beazley, 1997; Lin, Grimes, & Stone, 1993) and an increase in retinal ganglion cell dendritic arbors to maintain the inner nuclear layer to retinal ganglion cell convergence ratio (Troilo, Xiong, Crowley, & Finlay, 1996) . In addition there is elongation (Liang et al., 1995) and re-orientation (Crewther, 2000) of photoreceptor cells. It is thought that these changes, as well as the possibility of cell loss or damage which may also accompany the retinal stretching associated with axial elongation, could lead to the altered retinal tissue thickness in moderate and high myopia measured in this study. Indeed studies on the development of the foveal region in primates, although not directly relevant to overall retina or eye growth, demonstrate the potential for retinal laminar thickness changes due to mechanical mechanisms involved in retinal stretch (shearing between retinal cell layers and cone packing) (Springer & Hendrickson, 2004a , 2004b .
The present study also demonstrates a loss of retinal function in high myopia in the form of timing delays and decreased amplitude of the mfERG response. Although this has been previously reported in several ERG studies (Chan & Mohidin, 2003; Chen et al., 2006a Chen et al., , 2006d Flitcroft et al., 2005; Kawabata & Adachi-Usami, 1997; Luu et al., 2005 Luu et al., , 2006 Perlman et al., 1984; Westall et al., 2001; Yamamoto et al., 1997) , our results show this loss can again be related to changes in retinal structure, with mfERG timing delays significantly correlated with MIR thickness. It has been shown that damage to different retinal layers can affect the mfERG differently (Hood, 2000) , although it is not simple to quantify which factors contribute most to the deficit in mfERG responses in myopia. The first order mfERG response is a complex composite signal reflecting linear and nonlinear retinal processing, however it is thought to be dominated by bipolar cell function with smaller photoreceptor and inner retinal contributions (Hood, Frishman, Saszik, & Viswanathan, 2002) . Several studies have attributed the weaker mfERG responses in myopia with loss of cone and outer retinal function (Chen et al., 2006a; Kawabata & Adachi-Usami, 1997) . Others, using full field ERGs, show that in myopia anomalies exist in pathways beyond the photoreceptors with attenuation of the oscilla- tory potentials (Fulton & Hansen, 1995; Westall et al., 2001 ) and increased inner retinal changes (Flitcroft et al., 2005) . Indeed modified mfERG protocols have also been used to show evidence of an inner retinal involvement in human myopia progression (Chen et al., 2006b) . It is possible that our findings highlight an association between altered post-receptor function (bipolar cell component of the mfERG) and post-receptor structure (MIR thickness measurements) in high myopia. Significant contribution to mfERG loss from optical and electrical factors such as changes in retinal illuminance, retinal image size and/or electrical resistance that could result from increased eye length have been discounted based on previous research (Chan & Mohidin, 2003; Kawabata & Adachi-Usami, 1997) .
PR thickness was generally preserved beyond the fovea, hence myopia-related changes to the photoreceptor layer are less clearly implicated in our study in terms of structure/function relationships. Given that evidence from animal studies shows structural changes of the photoreceptor layer occur in myopia it was somewhat unexpected to find PR thickness was maintained in our study and that retinal thinning was dominated by loss of MIR thickness. Since it seems unlikely that one layer could undergo structural change without other layers being affected, it is possible that PR layer thinning is not measured because the resolution of OCT imaging (9 lm) is not sufficient or that altered PR layer structure does not manifest in tissue thickness changes. Indeed the extent and outcome of myopic retinal structure changes due to stretching is likely to depend on variations in cell density and mechanical constraints which differ between retinal layers. Further investigation of human photoreceptor structure in myopia may be necessary in order to clarify this. It is interesting to note that human psychophysical studies showing reduced spatial summation but frequency-selective loss of contrast sensitivity suggest cone sensitivity can be preserved in myopia (Jaworski et al., 2006) although animal models studies demonstrate significant changes in the sensitivity of cone generated ERG responses, for form-deprived myopia (Westbrook, Crewther, & Crewther, 1999) .
Our study, like many others, attribute the origin of the structure/function changes which result from being myopic to the increase in axial length and associated retinal stretch. However, there is also evidence that underlying differences exist in retinal function which result from being myopic that are separate from axial length (Chen et al., 2006a) and indeed using multiple regression analysis and controlling for axial length we have also been able to show a small but significant contribution from mfERG and resolution acuity variables in explaining refractive error variance.
The mechanical forces involved in myopic eye enlargement and retinal stretching may make the fovea particularly vulnerable to change. This has been seen in animal studies on foveal development (Springer & Hendrickson, 2004a) . Previous human OCT studies have demonstrated an apparent flattening or levelling of the foveal pit in high myopia; the parafoveal retina becoming thinner and the fovea thickening as a consequence (Lam et al., 2007; Wu et al., 2007) . Lam et al. (2007) suggests this may be an early subclinical sign of vitreoretinal traction in highly myopic eyes. Our findings are consistent with these results in demonstrating that the PR is slightly thickened in the foveal pit and that an area of the superior temporal retina adjacent to the fovea shows PR thinning which occurred along side MIR thinning in high myopes.
The present study confirms previously reported nasal/temporal differences in retinal thickness, namely that the temporal retina is in general thinner than the nasal retina (Lam et al., 2007; Wu et al., 2007) . However, our data is complicated by the presence of blood vessels in the inferior nasal arcade which cross the OCT scan line and which may distort nasal/temporal comparison (Fig. 3) .
Future investigation of specific structure/function relationships is likely to benefit from higher resolution OCT imaging (van Velthoven, Faber, Verbraak, van Leeuwen, & de Smet, 2007) with enhanced retinal layer discrimination. Also the use of modified mfERG stimuli to interrogate different components of retinal function (Chen et al., 2006c (Chen et al., , 2006d Shimada, Bearse, & Sutter, 2005; Shimada et al., 2001 ) has shown potential to increase the sensitivity of the technique in detecting myopic retinal changes. In particular, there is a need for longitudinal studies to be performed to increase understanding of the sequence of retinal change in myopic eyes. Gratitude is extended to Mike Stevenson, senior lecturer in medical statistics at Queens University, Belfast for providing statistical support and to Dr. A.J. Jackson for providing access to patients through the Contact Lens Clinic, Royal Victoria Hospital, Belfast. In addition we thank the reviewers for their helpful comments in the preparation of this paper. 
